causes weight loss are not fully understood, but include reduced hunger (5), increased satiety (5), increased energy expenditure (9, 32) , and altered taste (10, 23, 34) , as well as reduced preference for foods with a high-fat and sugar content (12, 21, 25, 37) .
Patients reach satiety earlier after gastric bypass surgery (14) and report a reduced desire to consume fatty food as they no longer find it enjoyable (14) . Two studies reported that total fat intake is lower after gastric bypass partly because of a reported disinterest in desserts and ice cream (6, 7) . However, the same authors failed to find a consistent change in pre-vs. postoperative percentage fat intake (6, 7) . A randomized controlled trial comparing gastric bypass and vertical-banded gastroplasty confirmed a reduced intake of high-fat foods 1 yr after gastric bypass (21) . Similarly, in a rat model, gastric bypass appears to decrease affective responses to corn oil and sucrose. For example, it has been reported that following gastric bypass, rats display significantly fewer positive oromotor taste reactivity responses to 1.0 M sucrose (25) . Furthermore, after gastric bypass, rats decrease their licking to high concentrations of sucrose (12, 25, 37) and corn oil (25) . Given that taste plays a large role in food selection, these findings implicate some involvement of the gustatory system. Three categories of taste processing have been described (30) : First, stimulus identification (sensory) is the detection or discrimination of sensory signals arising from taste cell activation. Second, ingestive motivation (reward/aversion) involves processes receiving gustatory input that promote or discourage ingestion. Third, digestive preparation refers to taste-triggered physiological reflexes (e.g., salivation) that protect oral tissues, aid digestion and assimilation, and facilitate homeostasis. Affective responses to taste stimuli, which can be considered an example of ingestive motivation, can be both conditioned and unconditioned. It remains unclear which of these three domains might be involved in changes in food preference after gastric bypass surgery. For example, gastric bypass surgery could potentially act directly on central gustatory pathways associated with feeding and reward through gut hormonal intermediaries. Alternatively, gastric bypass could also alter the sensory signal in such a way that the intensity or the quality was changed. This, in turn, could lead to an unconditioned change in palatability. Finally, if gastric bypass causes visceral malaise consequential to ingestion of fat stimuli, then it is possible that the palatability of fat stimuli could change through a learning process. In fact, gastric bypass has been shown to increase postprandial levels of gut hormones including peptide YY (PYY) and glucagon-like peptide-1 (GLP-1) (9, 17, 18, 25) ; peripheral PYY and GLP-1 administration in mice activates neurons in brainstem areas that have been suggested to mediate effects of certain classes of aversive stimuli (3, 13) and have been shown to be effective at conditioning taste aversions (24, 33) . These potential mechanisms underlying the changes toward an altered fat preference after gastric bypass are not mutually exclusive.
In this study, we investigated changes in fat preference and intake after gastric bypass in obese humans and rats weighing between 350 and 500 g. We used data from a randomized controlled trial between gastric bypass and vertical-banded gastroplasty to establish the importance of the phenomenon in humans. We also used an established rat model to assess fat preference because it allows us greater latitude in behavioral, endocrine, and molecular measurements while providing a logical bridge with reports of changes in human taste preference following surgery. Thus, the aims of our study were first, to evaluate human patients 6 yr after being randomized to gastric bypass or vertical-banded gastroplasty and, second, to use a rat model to further investigate 1) preference for solid high-fat versus low-fat chow, 2) preference for increasing fat concentrations in a liquid preparation early and late after gastric bypass, 3) licking responses to increasing fat concentrations in a liquid preparation in a brief access test that minimizes postingestive consequences, and 4) whether reduced preference for fat might be due to induction of conditioned taste aversion.
MATERIALS AND METHODS

Humans
In this study, 16 patients (11 female) were included from a prospective clinical trial which randomized patients to gastric bypass and vertical-banded gastroplasty during 2000 -2001 (22) . Between 12/2006 and 06/2007, nine gastric bypass and seven vertical-banded gastroplasty patients were included at an average of 6 yr after surgery (range 5.8 -6.8 yr). The study protocol was approved by the local ethics committee of the University of Gothenburg (reference no. 359 -09) and the study was conducted according to the principles of the Helsinki declaration. All participants gave their written permission to participate in the study.
Both operations were performed laparoscopically as described previously (22) . The validated Swedish Obese Subjects study questionnaire was used for dietary assessment (20) . The questionnaires included 49 questions on ordinary food consumption patterns during the past 3 mo, with the emphasis on portion size and day of week. Amounts of snack foods and sweets or candies were quantified using sizes for preconfectioned packages as sold in Sweden. Bread-type, thickness, and contents of sandwiches were described in detail, owing to the large contribution of sandwiches in the Swedish diet. The amounts of food reported by the subjects were converted into grams from which daily intake of energy and 29 different nutrients were computed. In addition, a short questionnaire form was used to explore whether the patient avoided certain foods. Included were direct questions (e.g., Do you eat whole meat?) and open questions (e.g., Do you avoid eating any foods? Why?).
Animals
Male Wistar rats (Harlan Laboratories, Blackthorn, UK; Elevage Janvier, Le-Genest-St. Isle, France) weighing between 350 and 500 g were individually housed under a 12:12-h light-dark cycle at a room temperature of 21 Ϯ 2°C. Water and standard chow were available ad libitum, unless otherwise stated. All experiments were performed under a license issued by the Home Office, UK (no. PL70-6669) or approved by the Veterinary Office of the Canton, Zurich, Switzerland. Numbers and preoperative age of animals, grouping details and postoperative time of investigation for each experiment are outlined in Table 1 .
Surgery
After 1 wk of acclimatization, rats were randomized to gastric bypass or sham operation. Surgery was performed by one surgeon (M. Bueter) according to an established protocol as previously described (8, 9) . Briefly, the gastric bypass procedure started with identification of the pylorus. From here, the duodenum and proximal jejunum was followed 20 cm aborally where the bowel was transected and closed creating the distal end of the future biliopancreatic limb and the proximal end of the future alimentary limb. Subsequently, the cecum was identified, and the ileum was followed orally and connected in side-to-side fashion to the distal end of the biliopancreatic limb, leaving a common channel of 25-30 cm. Creation of the gastric pouch started then with stomach transection close to the gastroesophageal junction with preservation of vagal fibers in the dorsal vagal trunk as previously described (8) . The gastric remnant was closed, and the gastric pouch was anastomosed in end-to-side fashion to the proximal end of the alimentary limb with a length of ϳ50 cm. Sham operations consisted of an anterior gastrotomy and a jejunotomy about 25 cm proximal to the cecum with subsequent closure. The complete gastric bypass procedure lasted ϳ70 min, while sham operations took ϳ30 min. After both operations the abdominal wall and the skin were closed in layers. All rats were given a 10-day period to completely recover from surgical trauma prior to further testing. Body weight and food intake were monitored daily during the complete observation period.
Hormone Assay
Rats were fasted for 12 h from the beginning of the light cycle about 200 days after surgery. At the onset of the dark cycle, animals were offered 5 g of standard chow, all of which was consumed within half an hour by the animals. Blood was then obtained by puncture of a sublingual vein under brief isoflurane anesthesia from sham-operated controls (n ϭ 9) and gastric bypass rats (n ϭ 9). Blood was collected into EDTA-rinsed tubes and immediately centrifuged at 3,000 rpm for 10 min at 4°C. The supernatant was stored at Ϫ80°C until further analysis. Concentrations of active GLP-1 and PYY were analyzed using a rat endocrine lincoplex kit (model RENDO-85K; Labodia, Yens, Switzerland).
Food Preference Study for Chow
A food preference test was conducted prior to surgery with 26 male Wistar rats aged 8 wk. Food was offered in three equal compartments that were filled with 30 g of the following three food choices: 60% fat diet (cat. no. D12492, energy content: 23.9 kJ/g; Research Diets), the same 60% fat diet with added Bisto (gravy-type flavor), and normal chow with 2% fat (14.7 kJ/g RM1 diet; Special Diet Services, UK). Bisto was added to one section of the high-fat chow for the rats to differentiate the taste and smell from the other high-fat chow in the next session. The three diet options thus contained three distinct flavors and two different calorie densities. Food intake was recorded after 24 h intervals over 2 days by weighing the food at the end of the dark cycle. Rats were then randomized to bypass (n ϭ 13) or sham operations (n ϭ 13) for baseline measurements; the effect of surgery on high-fat versus low-fat intake was tested ϳ10 days after surgery in the same animals.
Two-Bottle Preference Test
Intralipid (Fresenius Kabi, UK) is a fat emulsion used for parenteral nutrition in malnourished patients. The emulsion consists of soy bean oil, egg phospholipids, glycerin, omega-6 essential fatty acids, ␣-linoleic acid, and linolenic acid. We diluted the standard 20% Intralipid solution with deionized water to provide seven concentrations (0.005%, 0.01%, 0.05%, 0.1%, 0.5%, 1%, 5%) for this study. All solutions were freshly prepared daily with deionized water and presented at room temperature.
Rats were presented with two preweighed bottles, one of which contained deionized water and the other of which contained Intralipid solution in ascending concentrations. Readings were recorded at the start of the light phase by reweighing the bottles. Positions and content of the bottles were changed 1 h after the start of the light phase, and bottles were then weighed 24 h thereafter. Rats were given access to the same concentration for 2 days and the positions of the bottles were switched each day to preclude the development of a side preference. To control for spillage during the manipulation of the bottles, two additional bottles were placed in cages without animals, and daily measurements were obtained. The average amount of spillage (0.69 Ϯ 0.04 ml) was subtracted from measured volumes of distilled water and Intralipid intake before further analysis.
Each animal was tested for 14 days (7 ϫ 2-day periods). Intralipid preference for each 24-h period was defined as: [Intake of Intralipid (in ml)/total fluid intake (ml)] ϫ 100. Two-bottle preference tests were performed early after surgery (10 days) and late after surgery (200 days). In the early phase experiment 10 days after surgery, two groups of fat-taste naive rats aged 8 wk were used. Twelve shamoperated controls and 18 gastric bypass rats were subjected to the two-bottle preference test as described above. Preference (%) and Intralipid intake (ml), as well as caloric intake (Intralipid plus chow; kJ), were measured daily. In the late phase experiment 200 days after surgery, another group of 10 sham-operated controls and 10 gastric bypass rats were subjected to the same two-bottle preference test as described above.
Brief Access Test
Sixteen male Wistar rats that were naive to the taste of Intralipid were tested in a lickometer (model Davis MS-160; DiLog Instruments, Tallahassee, FL) after being randomized to sham or gastric bypass operation (each group, n ϭ 8). The brief access test procedure was conducted by placing the rat in the test chamber of the apparatus. A motorized shutter opened allowing the rat access to a single sipper tube containing Intralipid. A small fan, positioned above the sample slot directed a current of air past the drinking spout to minimize potential olfactory cues from the Intralipid. Rats initiated a trial by licking the spout. Once initiated, each trial was 10 s, followed by a 7.5-s intertrial interval during which time the tube was changed via a motorized block for the next trial. A concentration-response function was derived in three test sessions of 30 min each during which rats were able to initiate as many trials as possible (29) . The briefness of the test as suggested by its name allows the minimization of postingestive effects during a given trial as only small amounts are ingested and immediate responses are measured.
Before being tested for Intralipid, all rats underwent 4 days of water training (adapted from Ref. 15) . Briefly, after 23 h of water deprivation, the rats were placed in the Davis Rig for 30 min during the lights-on phase. Rats had access to a single tube of water for 10 s to familiarize themselves with the shutter operation and 10-s trial structure. Each trial started upon the first lick of the spout after the shutter opened. After each presentation, the shutter closed for 7.5 s (intertrial interval) before being reopened for the next trial. Tubes were presented in randomized order (without replacement) within blocks. To allow euhydration, rats had unlimited access to water for 45 min from 1300 to 1345 (dark onset) before water deprivation started again for the next training day.
The same paradigm was used for the Intralipid tests. Bottles were filled with the same seven Intralipid concentrations as in the twobottle preference tests; deionized water was used as control. All bottles were presented in randomized order (without replacement) in blocks of trials. Rats were first tested with water (and food) available ad libitum (except during the test session) and then on a 23-h restricted, water-access schedule for three daily sessions every other day in two subsequent weeks.
Conditioned Taste Aversion Against Corn Oil
Thirty-eight experimentally naive male Wistar rats aged 10 wk were randomized to gastric bypass (n ϭ 16) or sham operation (n ϭ 22). After 100 days following surgery, rats were individually housed for 1 wk with ad libitum access to food and water before they underwent the conditioned taste aversion experiment. Rats were slightly sedated by brief exposure to isoflurane before the oral gavage with corn oil or saline. The five groups included gastric bypass rats receiving saline (n ϭ 8), gastric bypass rats receiving corn oil (n ϭ 8), sham-operated rats receiving saline (n ϭ 8), sham-operated rats receiving corn oil (n ϭ 8), and sham-operated rats receiving intraperitoneal lithium chloride as a positive control (76.2 mg/kg body wt ip) (n ϭ 6). At the beginning of the experiment, water was withdrawn for all animals at the start of the dark phase (day 0). To acclimate the rats to weighing and timing of distilled water presentation, the animals were presented with two water bottles (volume 100 ml) at the onset of the light phase from day 1 until day 4 for 30 min and 4 h later for another 45-min period. At the end of presentation, water bottles and rats were weighed. Individual water consumption from each bottle was measured for each rat every day. On day 5 each rat was given 30-min access to the conditioned stimulus (novel flavor of 0.3% solution of saccharin sodium salt hydrate) contained in both bottles at the onset of the light phase. All groups consumed similar amounts of saccharin solution during the 30-min access prior to the various treatments. Following the access to the saccharin, rats were weighed and received either an oral gavage of 1 ml corn oil, 1 ml sterile isotonic saline or an intraperitoneal injection of lithium chloride. The small volume of 1 ml for oral gavage was chosen to minimize potential side effects by the administered volume per se, considering the altered anatomy of the stomach in gastric bypass rats. Corn oil was consciously chosen since the fat content of 1 ml corn oil corresponds approximately with the amount of fat that is ingested with a standard small meal of a 60% high-fat diet. In other words, 1 ml corn oil contains ϳ1 g fat, which is similar to the fat content of a normal, small meal of 2 g of a 60% high-fat diet. This analogy would not have been possible if we had used Intralipid as we would have had to give ϳ20 ml of a 5% Intralipid solution to administer 1 g of fat. Rats were offered water 4 h after light onset for a 45-min period.
Intralipid
The same protocol was repeated on day 8 and day 11. On all other days, rats were given access to water for 30 min at the onset of the light phase and 4 h later for another 45 min as described above (washout period). On day 14 each rat was presented with two bottles, one of which contained water and the other 0.3% saccharin solution, and the respective consumption was measured for 30 min at light onset.
Statistical Analysis
Data are expressed as means Ϯ SE. Preference, acceptance, food intake, and energy intake in the two-bottle preference tests were analyzed with a two-way group (between subjects) ϫ concentration (within subjects) ANOVA. A one-way ANOVA followed by Bonferroni post hoc tests for each concentration was applied when there was a significant group ϫ concentration interaction. In the brief access test, the mean number of licks at each concentration per trial was collapsed across the three test sessions. For each rat, the mean number of licks to water was subtracted from the mean number of licks at each concentration, yielding a licks-to-intralipid minus licks-to-water value. This measure has also been successfully used in previous studies (15, 31) to produce concentration-response curves that are relative to a water baseline. The lick response (adjusted for water) for each concentration of a stimulus was compared using ANOVAs. Otherwise, Student's t-test was used to test for significant differences between independent samples. The statistical rejection criterion of P Ͻ 0.05 was used for all analyses.
RESULTS
Food Preference in Humans
Six years after surgery, gastric bypass patients had reduced their body mass index by 26.5 Ϯ 2.9%, while vertical gastroplasty patients had lowered their body mass index by 17.8 Ϯ 2.5% (P ϭ 0.042). However, the reported energy intake between the two groups remained similar at 6 yr after surgery (preoperative gastroplasty: 12,770 Ϯ 1,484 kJ vs. bypass: 10,686 Ϯ 919 kJ, P ϭ 0.26 and postoperative gastroplasty: 11,952 Ϯ 1,082 kJ vs. bypass: 9,726 Ϯ 769 kJ, P ϭ 0.11). While there was no difference in percentage of energy intake from fat between the two groups before surgery (gastroplasty: 33.6 Ϯ 1.0% vs. bypass: 34.4 Ϯ 1.4%, P ϭ 0.26), gastric bypass patients consumed less energy from fat compared with vertical-banded gastroplasty patients 1 yr after surgery (gastroplasty: 35.2 Ϯ 6.3% vs. bypass: 30.5 Ϯ 5.5%, P ϭ 0.001) (21) and 6 yr after surgery (gastroplasty: 40.5 Ϯ 1.6% vs. 35.0 Ϯ 1.9%, P ϭ 0.046). Proportions of total energy intake from protein, fat, and carbohydrates 6 yr after surgery are shown in Fig. 1A . There was no difference in the proportion of calories from carbohydrates (P ϭ 0.09) or proteins (P ϭ 0.48) compared with vertical-banded gastroplasty patients. As shown in Fig. 1B , gastroplasty patients reported a higher proportion of their total energy intake from foods high in fat [e.g., cheese and sausages (P ϭ 0.041) and desserts (P ϭ 0.007)] compared with bypass patients, who instead reported a higher relative intake from fruits and vegetables (P ϭ 0.004).
Food Preference in Rats
Mean preoperative body weight of rats used in this study was 385 Ϯ 8 g. After a short period of postsurgical weight loss, body weight increased in sham-operated rats to 428 Ϯ 12 g on postoperative day 10, and it increased further for the rest of the observation period. In contrast, gastric bypass animals lost 13.8 Ϯ 3.0% of their preoperative weight by postoperative day 10 (319 Ϯ 8 g); body weight then leveled off to ϳ320 g. Figure  2 shows intake of the three types of diet before and after surgery. There was no difference in total 48-h energy intake before and after sham operation (1,277 Ϯ 115 kJ vs. 1,318 Ϯ 102 kJ, P ϭ 0.35); gastric bypass rats significantly reduced their 48-h energy intake on day 10 after surgery (1,297 Ϯ 92 kJ vs. 813 Ϯ 202 kJ, P Ͻ 0.001). Sham-operated rats consumed similar proportions of the three food choices before and after surgery (high-fat: 609 Ϯ 82 kJ before vs. 621 Ϯ 89 kJ after surgery, P ϭ 0.72; Bisto-flavored high-fat plus Bisto: 633 Ϯ 91 kJ vs. 658 Ϯ 93 kJ, P ϭ 0.48; normal chow: 36 Ϯ 27 kJ vs. 39 Ϯ 26 kJ, P ϭ 0.75). Gastric bypass rats significantly reduced their energy intake of the two high-fat diets (high-fat: 607.4 Ϯ 62.1 kJ vs. 344 Ϯ 89 kJ, P Ͻ 0.001; Bisto-flavored high-fat: 649 Ϯ 105 kJ vs. 352 Ϯ 108 kJ, P Ͻ 0.001), while they significantly increased their intake of the normal chow (normal chow: 41 Ϯ 26 kJ vs. 117 Ϯ 63 kJ, P Ͻ 0.001). The rats with gastric bypass Fig. 1 . The proportion of total energy intake from protein, fat, and carbohydrates (A) and from various food groups (B) 6 years after laparoscopic gastric bypass (black columns) and laparoscopic verticalbanded gastroplasty (white columns). Data are shown as means Ϯ SE (*P Ͻ 0.05, **P Ͻ 0.01).
increased their normal chow intake from 3.2 Ϯ 2.1% to 14.0 Ϯ 6.6% (P Ͻ 0.001) of total energy intake.
Two-Bottle Preference Test
Body weight. Average presurgical body weight of rats used for the early phase experiment was 368 Ϯ 2 g. Ten days after surgery, sham-operated controls weighed significantly more compared with gastric bypass rats (sham: 404 Ϯ 6 g vs. bypass: 353 Ϯ 6 g, P Ͻ 0.001). Average presurgical body weight of rats used for the late phase experiment was 477 Ϯ 4 g; 200 days after surgery sham-operated rats had a significantly higher body weight than gastric bypass rats (sham: 713 Ϯ 11 g vs. bypass: 456 Ϯ 14 g, P Ͻ 0.001). Body weight changes for both groups are shown in Fig. 3, A and B .
Postprandial plasma levels of PYY and active GLP-1. Gastric bypass rats had significantly higher active GLP-1 and PYY levels compared with sham-operated controls measured 30 min after the 5-g test meal (Fig. 3C) .
Preference. A two-way ANOVA revealed a significant main effect of Intralipid concentration [F(6,405) ϭ 19.9; P Ͻ 0.001], but not of surgical group [F(1,405) ϭ 0.28; P ϭ 0.59]. However, the group ϫ concentration interaction was also significant [F(6,405) ϭ 6.04; P Ͻ 0.001]. Ten days after surgery, both sham-operated rats and gastric bypass rats showed a significant increase in preference (Intralipid vs. total intake) for Intralipid at concentrations above 0.1% (one-way ANOVA: sham: P Ͻ 0.001; bypass: P ϭ 0.024). However, preference for the Intralipid solutions was found to be markedly less pronounced in gastric bypass rats (Fig. 4A) .
Observations were similar in the late phase of the weight stabilization study. The two-way ANOVA showed a significant main effect of Intralipid concentration [F(6,266) ϭ 7.73; P Ͻ 0.001], but not of surgical group [F(1,266) ϭ 2.80; P ϭ 0.12], while the group ϫ concentration interaction was significant [F(6,266) ϭ 9.93; P Ͻ 0.001]. On postoperative day 200 sham-operated rats had a higher preference for Intralipid concentrations above 0.1%, while gastric bypass rats showed no preference for high concentrations of Intralipid (one-way ANOVA: sham: P Ͻ 0.001; bypass: P ϭ 0.95) (Fig. 4D) .
Intralipid intake. There was a significant main effect of Intralipid concentration [F(6,405) ϭ 44.30; P Ͻ 0.001] and of surgical group [F(21, 405) ϭ 81.94; P Ͻ 0.001] on intralipid intake during the two-bottle tests. The group ϫ concentration interaction was also significant [F(6,405) ϭ 26.82; P Ͻ 0.001]. During the early weight stabilization phase both sham-operated rats and gastric bypass rats demonstrated significantly increased Intralipid intake (in ml) at concentrations above 0.1% (one-way ANOVA: sham: P Ͻ 0.001; bypass: P Ͻ 0.001) (Fig.  4B) . However, the increase in Intralipid intake was found to be markedly less pronounced in gastric bypass rats. In the late phase of weight stabilization two-way ANOVA revealed a significant main effect of Intralipid concentration [F(6,266) ϭ 36.31; P Ͻ 0.001] and of surgical group [F(1,266) ϭ 158.89; P Ͻ 0.001]. The interaction was significant [F(6,266) ϭ 41.60; P Ͻ 0.001]. Sham-operated rats showed a significantly increased Intralipid intake (in ml) for concentrations above 0.1% (one-way ANOVA: P Ͻ 0.001), while intake did not increase in gastric bypass rats as concentration was raised (one-way ANOVA: P ϭ 0.51) (Fig. 4E) .
Calorie intake. Total calorie intake was the sum of calories consumed as food (14.74 kJ/g) and Intralipid (energy content of the standard 20% solution: 42.0 kJ/ml). There was a significant main effect of Intralipid concentration [F(6,405) ϭ 11.83; P Ͻ 0.001], but not of surgical group [F(1,405) ϭ 0.35; P ϭ 0.56] in the two-way ANOVA. The group ϫ concentration interaction was also significant [F(6,405) ϭ 6.30; P Ͻ 0.001]. During the early weight stabilization phase sham-operated rats increased their calorie intake when exposed to the 5% Intr- Fig. 2 . Energy (kJ) from 60% high-fat (HF) diet, of 60% HF diet ϩ Bisto (gravy-type flavor) and normal chow (LF-Bistro) in gastric bypass rats (n ϭ 13) and sham-operated rats (n ϭ 13) before and 10 days after surgery. LF, low fat. Data are means Ϯ SE (***P Ͻ 0.001: total energy intake preoperative vs. postoperative after gastric bypass). Fig. 3 . Body weight (BW) changes for the gastric bypass (n ϭ 18, OE) and sham-operated rats ad libitum fed (n ϭ 12, ) used for the 2-bottle preference test in the early phase (left) and body weight changes for the gastric bypass (n ϭ 10, OE) and sham-operated rats ad libitum fed (n ϭ 10, ) used for the 2-bottle preference test in the late phase (middle) after surgery. Right: PYY and GLP-1 level for the gastric bypass (n ϭ 9, white columns) and sham-operated rats ad libitum fed (n ϭ 10, black columns) 200 days after surgery. Data are means Ϯ SE (***P Ͻ 0.001).
alipid solution (one-way ANOVA: P Ͻ 0.001), although this was not demonstrated in the gastric bypass group (Fig. 4C) . During the late weight stabilization phase, the main effects of Intralipid concentration [F(6,266) ϭ 5.79; P Ͻ 0.001] and of surgical group [F(1,266) ϭ 75.53; P Ͻ 0.001] were significant in the two-way ANOVA. The group ϫ concentration interaction was also significant [F(6,266) ϭ 5.91; P Ͻ 0.001]. Sham-operated rats increased their energy intake when exposed to the 0.5%, 1%, and 5% Intralipid solutions compared with gastric bypass rats (one-way ANOVA: P Ͻ 0.001), which showed no increase in energy intake even with the highest Intralipid concentration (5%) (one-way ANOVA: P ϭ 0.48) (Fig. 4F) .
Brief Access Test
Body weight. Average presurgical body weight of rats used for the brief access test was 434 Ϯ 6 g. From postoperative day 5 sham-operated controls weighed significantly more compared with gastric bypass rats (postop day 5: sham: 430 Ϯ 8 g vs. bypass: 377 Ϯ 7 g, P Ͻ 0.001). Body weight changes for both groups are shown in Fig. 5A .
Licking response. Two-way ANOVA revealed no significant difference between the licking response of sham-operated and gastric bypass-operated rats after surgery with or without water restriction. When water (and food) was available ad libitum prior to the test, there was a significant main effect of Intralipid concentration [F(6,54) ϭ 15. Fig. 5 , B and C. The lower values for both groups, while tested after waterrestriction (Fig. 5C) , are due to the high rates of licking to water, which placed a ceiling on the maximum possible licking achievable.
Number of trials. Two-way ANOVA revealed no differences between gastric bypass rats and sham-operated controls in the absolute number of trials initiated to the Intralipid concentrations with or without water restriction. When water was available ad libitum prior to the test, there was a significant main effect of Intralipid concentration [F(6,54) ϭ 5.85; P Ͻ 0.001], but not of surgical group [F(1,54) ϭ 4.86; P ϭ 0.055] in the two-way ANOVA. The group ϫ concentration interaction was also not significant [F(6,54) ϭ 2.04; P ϭ 0.076]. When water was restricted, there was a significant main effect of Intralipid concentration [F(6,60) ϭ 6.08; P Ͻ 0.001], but not of surgical group [F(1,60) ϭ 0.41; P ϭ 0.54] in the two-way ANOVA. The group ϫ concentration interaction was also not significant [F(6,60) ϭ 1.73; P ϭ 0.13]. The number of initiated trials for each Intralipid concentration during the two test conditions is shown in Fig. 5, D and E.
Conditioned taste aversion for corn oil. There was no difference in saccharin intake on the final test day between sham-operated rats that were previously exposed to gavage with sterile isotonic saline or with corn oil (P ϭ 0.13); both groups showed a significantly higher saccharin intake com- Fig. 4 . Two-bottle preference test in sham-operated rats (n ϭ 12, ) and in gastric bypass rats (n ϭ 18, OE) during the early phase experiment (postoperative day 10, A-C) and in gastric bypass (n ϭ 10, OE) and sham-operated rats (n ϭ 10, ) during the late phase experiment (postoperative day 200, D-F). Seven Intralipid concentrations were used in ascending order: 0.005%, 0.01%, 0.05%, 0.1%, 0.5%, 1%, 5%. A and D, preference; B and E, Intralipid intake; C and F, total calorie intake. Data are means Ϯ SE. When 2-way ANOVA revealed a significant group ϫ concentration interaction, post hoc Bonferroni test was used for concentration-to-concentration analysis between the 2 groups (**P Ͻ 0.01, ***P Ͻ 0.001).
pared with water intake. Saccharin intake of sham-operated rats was significantly reduced after intraperitoneal injection of the positive control lithium chloride compared with rats that received oral saline or corn oil gavage (P Ͻ 0.001). In contrast to sham-operated rats, gastric bypass rats reduced their saccharin intake significantly after corn oil gavage compared with saline gavage (P Ͻ 0.01). Gastric bypass rats preferred saccharin over water after saline gavage (saccharin: 10.8 Ϯ 1.5 ml vs. water: 1.1 Ϯ 0.6 ml, P Ͻ 0.001), but there was no preference after corn oil gavage (saccharin: 4.1 Ϯ 1.5 ml vs. water: 4.9 Ϯ 1.4 ml, P ϭ 0.68). Saccharin and water intake for all groups are shown in Fig. 6A . Apart from the positive control group receiving lithium chloride, saccharin intake expressed as percentage of total fluid intake was significantly reduced in gastric bypass rats after corn oil gavage compared with all other groups (Fig. 6B , P Ͻ 0.001).
DISCUSSION
Patients randomized to receive gastric bypass report a lower dietary fat intake compared with patients after vertical-banded gastroplasty 6 yr after surgery. Furthermore, the results of our rat experiments showed a shift away from solid high-fat to solid low-fat food after gastric bypass. We also demonstrated that gastric bypass rats have a reduced preference for liquid high-fat Intralipid relative to water during ad libitum access. In contrast, when postingestive effects were minimized during taste trials, gastric bypass rats and sham-operated rats did not differ in their concentration-dependent lick responsiveness to Intralipid during a brief access test. Postingestive factors may therefore contribute to the reduction in preference for high Intralipid concentrations in gastric bypass rats, and thus we examined a potential aversive effect of fat and its postingestive and water (W) intake in sham-operated rats after oral gavage with 1 ml sterile isotonic saline (n ϭ 8), 1 ml of corn oil (n ϭ 8), intraperitoneal injection of 76.2 mg/kg body wt LiCl (n ϭ 6), and in gastric bypass rats after oral gavage with sterile isotonic saline (n ϭ 8) and corn oil (n ϭ 8). B: saccharin intake expressed as % total fluid intake in sham-operated rats after oral gavage with sterile isotonic saline (n ϭ 8), corn oil (n ϭ 8), intraperitoneal injection of 76.2 mg/kg body wt LiCl (n ϭ 6), and in gastric bypass rats after oral gavage with sterile isotonic saline (n ϭ 8) and corn oil (n ϭ 8). Experiments were performed on postoperative day 100. Data are means Ϯ SE (**P Ͻ 0.01, ***P Ͻ 0.001; saccharin vs. water).
consequences. We confirmed previous findings demonstrating that gastric bypass leads to increased postprandial levels of GLP-1 and PYY compared with sham-operated control rats (17, 18 ). An oral gavage of a small volume of corn oil also induced a conditioned taste aversion in gastric bypass rats. Previous reports demonstrated that centrally administered GLP-1 can cause conditioned taste aversion in mice and rats (24, 33) . Thus, exaggerated postprandial GLP-1 responses after gastric bypass cannot be excluded as a potential mediator of a fat preference after gastric bypass in rats.
In humans, a lower preference for high-fat foods following gastric bypass was found to be the single most pronounced factor distinguishing the two groups at 6 yr postoperatively. Our findings extend the previous reports of reduced shortand medium-term dietary fat intake after gastric bypass surgery (21) . This may partly explain why gastric bypass patients find it easier to comply with general lifestyle advice to reduce dietary fat (4) . This sets the stage for our rat model to pursue the physiological and endocrine mechanisms underlying the effects of gastric bypass surgery on food preference. We demonstrated that rats decrease their total energy intake from pelleted food by 37% 10 days after gastric bypass, and specifically decrease their preference for high-fat chow, while actually increasing low-fat chow consumption. The relative contribution of normal chow to energy intake increased fourfold, while the contribution of high-fat chow decreased by 11% after gastric bypass; this reflects the direction of the preference shift from high-toward low-fat chow. Similar to our finding, Shin et al. (25) also demonstrated a significantly decreased preference for high-fat diet of gastric bypass rats compared with obese sham-operated rats (sham: 95.1% vs. bypass: 63.3%, P Ͻ 0.01). Interestingly, these changes in food preference were observed 8 mo after gastric bypass surgery. Furthermore, Zheng et al. (37) found a significantly reduced preference for solid fat 7 wk after surgery compared with obese sham-operated rats; this difference further increased from postoperative weeks 8 to 20. The same authors also demonstrated a lower fat preference in gastric bypass rats than in sham-operated obese rats when liquid diets were provided (37) .
Rats after gastric bypass, when given a choice over 48 h between distilled water and liquid Intralipid solutions, had a lower preference for the higher Intralipid concentrations compared with sham-operated rats. The latter showed a clear preference for high concentrations (Ͼ0.1%) of Intralipid. Sham-operated rats consumed up to 100 ml/day Intralipid, a volume equivalent to 20% of their body weight. After bypass, the reduced preference for ad libitum Intralipid was demonstrated soon after surgery and persisted for at least 200 days. This is in line with recent findings of others demonstrating decreased taste-related affective responding to high concentrations of sucrose (12, 35) and corn oil solutions (25) in gastric bypass rats compared with intact sham-operated controls as assessed by a brief access test and by long-term two-choice preference tests with both solid and liquid diets differing in energy from fat (37) .
In contrast, we observed no difference in concentrationdependent lick responsiveness to Intralipid between bypass and control rats in a brief access test, which is specifically designed to reduce postingestive effects during a given trial (29, 30) . If bypass rats found the taste of Intralipid in their mouths averse, then we would have noted decreases in licking to the stimulus when the rats were tested under water restriction. Instead, both gastric bypass and sham rats increased their licking as concentration was raised, and this was evident even when rats were tested nondeprived. In fact, although it just missed the statistical rejection criterion, when tested nondeprived, gastric bypass rats may have increased their appetitive behavior since the number of trials initiated showed a trend to be increased compared with sham-operated animals. Associations of particular Intralipid concentrations with possible postingestive effects, such as satiety or visceral malaise, appear to have been minimized in the brief access test (29, 30) .
The fact that we did not demonstrate an attenuation of the licking response to a range of Intralipid concentrations in the brief access test after gastric bypass contrasts partly with the findings of Shin et al. (25) who demonstrated a significant decrease in licking to the highest concentration of corn oil tested (32%). However, Shin et al. (25) , in fact, reported significantly increased responding to corn oil concentrations ranging from 0.03 to 4% in gastric bypass rats compared with sham-operated obese rats. The disparity between the outcomes could be due to some methodological differences between the two studies. Of course, we cannot rule out that the exact composition of the liquid fat stimulus used (i.e., Intralipid vs. corn oil) might play a role. Also, the technical aspects of the gastric bypass operation including surgical parameters, such as a different gastric pouch size or different limb lengths, could lead to differences in the gastric and/or intestinal transit time of ingested nutrients. Alternatively, variations in the design of the brief access test, such as whether a trial was started before the stimulus was ever sampled and the number of trials presented, might have contributed to the disparity in the outcomes across the two studies. Additionally, the strain of rat used could prove to be a critical factor; we used Wistar rats and Shin et al. (25) used Sprague-Dawley rats. Finally, operations were performed on rats weighing between 350 g and 500 g in our experiments, and a formal analysis of body composition (e.g., by CT scan) to confirm obesity was not conducted. Thus, we cannot exclude that observed differences between studies may also be due to different levels of total or abdominal obesity of rats used in different studies and that our model may not be representative of all cases of human obesity. Regardless of the root of the disparity, it is clear that unconditioned taste-driven motivational responses to preferred liquid fat stimuli, as assessed in a brief access test, are not universally decreased by gastric bypass surgery under all conditions. Based on our findings in the brief access tests, we hypothesized that the reduced preference for high-fat food seen in rats after gastric bypass may in part be due to postingestive effects leading to the formation of conditioned taste aversions after ingestion of larger amounts of fat. We further investigated this possibility and found that when gastric bypass rats were treated with 1 ml of pure corn oil by gastric gavage soon after ingesting a novel saccharin solution, which they normally prefer, they subsequently showed a marked reduction in their saccharin preference compared with saline-gavaged controls or oil-gavaged sham-operated rats. As described above, corn oil gavage was chosen since the fat content of 1 ml corn oil corresponds approximately with the amount of fat that is ingested with a standard small meal of a 60% high-fat diet. However, it is important to note that it takes a rat a few minutes to eat a small meal, while the corn oil gavage took only a few seconds. Thus, the gavage itself may represent a different challenge to the rearranged gut of the gastric bypass rat compared with the spontaneous consumption of a high-fat meal. Further studies may therefore be necessary before our findings of aversion to a high-fat load can be extrapolated to a more physiological feeding situation.
However, the taste aversion was not complete or as strong as in the case of the positive control with lithium chloride, because gastric bypass rats continued to consume at least 50% (vs. ϳ5% in LiCl-treated rats) of their fluid intake as saccharin solution. Consistent with this finding was the observation that in the two-bottle tests comparing ad libitum Intralipid and distilled water intake, Intralipid still made up ϳ50% of total liquid intake of the gastric bypass rats. The LiCl group was included as a positive control in the taste aversion experiment, without having a priori knowledge of whether corn oil would serve as an effective unconditioned stimulus; hence we did not make an effort to match the aversive potency of the treatments. Accordingly, this can potentially explain the disparity in the magnitude of the aversion between the two groups.
Our own, unpublished results further indicate that peripheral administration of the GLP-1 receptor agonist exendin-4 also produces a conditioned taste aversion in unoperated rats (data not shown). As endogenous GLP-1 was raised postprandially in gastric bypass rats, we therefore cannot exclude the possibility that alterations in fat preference after gastric bypass may result in part from the induction of an aversive response mediated by increased levels of GLP-1, as central administration of GLP-1 has been previously shown to induce a conditioned taste aversion in mice and rats, respectively (24, 33) . However, more studies are needed to establish a causal relationship between increased GLP-1 levels and the mediation of conditioned taste aversion.
Our data in rats after gastric bypass are consistent with our own and previous human findings demonstrating that gastric bypass patients display not only a reduced food intake (17) (18) (19) , but also have a lower preference for food high in fat compared with patients after vertical-banded gastroplasty (6, 7, 14, 21) . The anatomical rearrangement of the small bowel is not part of the vertical-banded gastroplasty, which is known not to induce substantial changes in postprandial gut hormone levels (36) .
Gastric bypass leads to reduced hunger (5), increased satiation (5), and increased energy expenditure (9, 32) , all of which are at least partly mediated by alterations in gastrointestinal and central neuroendocrine signaling (17, 18, 32) . Indeed, we confirmed previous findings demonstrating that gastric bypass leads to increased postprandial levels of GLP-1 and PYY compared with sham-operated control rats (17, 18) . In addition, GLP-1 or PYY may also influence fatty acid detection or perception, and there may be parallels with the recognition of sweet stimuli. Mice lacking the GLP-1 receptor show decreased behavioral responsiveness to sucrose. This receptor has been shown to be expressed on taste-afferent fibers, and GLP-1 is expressed in taste buds cells (11, 26) .
Gastric bypass rats still ingested more calories from high-fat than from low-fat chow, while they also continued to drink Intralipid. This raises some interesting questions as it suggests that the physical properties of the fat stimulus might also play an important role for differences in preference. Alternatively, after gastric bypass, rats may develop aversions to Intralipid and other oils, e.g., corn oil, but not to a high-fat diet. Finally, if indeed lower fat preference is due to the formation of conditioned taste aversions after gastric bypass surgery, then the preoperative experience with the fat stimulus should attenuate this effect since taste novelty is a critical feature to effective conditioning. This might explain why rats still preferred the high-fat maintenance diet after gastric bypass surgery. Accordingly, rats might not develop an aversion to Intralipid if it is presented preoperatively. It would therefore be instructive to perform further experiments to determine the role of the learning processes in our gastric bypass animal model.
Perspectives and Significance
Gastric bypass patients show a lower preference for high-fat food compared with vertical-banded gastroplasty patients; findings for pre-vs. postoperative comparisons within gastric bypass patients are mixed (6, 7) . However, gastric bypass rats exhibit a clearly reduced preference for high concentrations of Intralipid solution. Furthermore, rats decrease their total energy intake from pelleted food after gastric bypass, and specifically decrease their preference for high-fat chow, while actually increasing low-fat chow consumption. Postingestive effects and conditioned taste aversion may partly explain our findings, which may be mediated by gut hormones such as GLP-1. By elucidating the mechanisms by which obesity surgery reduces the consumption of high-fat foods, new surgical and nonsurgical therapies could be developed that mimic these mechanisms to offer safe and effective weight loss.
